The replicative apparatus often encounters blocks to its progression that necessitate removal of the block and reloading of the replication machinery. In Escherichia coli, a major pathway of replication restart involves unwinding of the stalled fork to generate a four-stranded Holliday junction, which can then be cleaved by the RuvABC helicase-endonuclease. This fork regression may be catalyzed by RecG but is thought to occur even in its absence. Here we test whether RuvAB helicase can also catalyze the unwinding of forked DNA to form Holliday junctions. We find that fork DNA is unwound in the direction required for Holliday junction formation only if the loading of RuvB is restricted to the parental duplex DNA arm. If the binding of RuvB is unrestricted, then RuvAB preferentially unwinds forks in the opposite direction. This is probably related to the greater efficiency of two opposed RuvB hexamers operating across a junction compared with a single hexamer. These data argue against RuvAB acting directly at damaged replication forks and imply that other mechanisms must operate in vivo to catalyze Holliday junction formation.
The necessity for an organism to replicate its genome both accurately and efficiently has until recently been attributed to the inherently high fidelity and processivity of the replication machinery. However, chromosomal replication within a cellular environment is fraught with difficulty. DNA damage that is not repaired before the passage of a replication fork may stall the replicative apparatus (1) . Moreover, other proteins necessarily bound to the DNA ahead of an advancing fork may also halt replication if not removed (2) . Replication forks therefore face an array of obstacles which must be overcome if the cell is to survive (3) .
Stalling of the replicative apparatus presents two major problems for all organisms. First, the original block to fork progression must be removed, and any damage to the DNA must be repaired. Secondly, replication must be restarted. The first of these challenges is met by an array of repair systems which act to remove or bypass lesions. The second challenge, that of restarting replication, must be met by reloading the replicative machinery onto the DNA away from the normal preprogrammed origins of replication. In Escherichia coli, replication is initiated by binding of DnaA to sequences within oriC (4) . This catalyzes loading of the replicative helicase DnaB onto the template DNA which is the key step in replication fork assembly, allowing recruitment of the DNA polymerase III holoenzyme and DnaG primase onto the DNA. However, replication restart does not require DnaA but employs PriA, an enzyme that recognizes specific branched DNA structures in which a leading strand is present at the branch point (5) (6) (7) (8) . At such structures, PriA performs the same function as DnaA at oriC by loading DnaB onto the lagging strand template (9) . This reloading of the replicative helicase at stalled forks is crucial for replication restart as shown by the severe reduction in viability and greatly enhanced sensitivity to UV light of strains lacking PriA (10) .
This PriA-dependent restart process is intimately linked with recombination. A major pathway of restarting stalled replication forks involves the formation of a four-stranded Holliday junction by unwinding of the leading and lagging strands at a fork and their subsequent annealing (11, 12) . These Holliday junctions are processed by the RuvABC complex. A tetramer of RuvA binds Holliday junction DNA and loads two hexameric RuvB helicase rings on opposite arms of the junction (13) . The RuvB hexamers pull opposing duplex arms of the junction through the rings with the result being active movement of the branch point along the DNA as it spools across the face of the RuvA tetramer (14, 15) . The third component of this complex, a dimer of RuvC, binds to the branch point on the opposite face of the Holliday junction to RuvA and cleaves the junction symmetrically when specific sequences are present at the branch point (16 -19) . Thus, RuvAB acts as a molecular motor to drive the junction point along the DNA to present RuvC with cleavable sequences at the branch point. In the context of a stalled replication fork which has regressed to form a Holliday junction, RuvABC cleavage of the junction may release a free duplex DNA end. The release of a free duplex end from the stalled fork is thought to be a critical component of replication restart in E. coli. Such DNA ends are known to be processed by the helicase/exonuclease RecBCD followed by RecA-mediated strand exchange with an intact homologous duplex to generate a recombination intermediate, a D-loop (20) . This D-loop can be bound by PriA to load the replicative apparatus back on to the DNA (21) . Thus, an active replication fork is reestablished. Alternatively, instead of RuvABC creating a free duplex DNA end by cleavage of the regressed fork, the duplex end that spooled out of the regressed fork structure might be acted upon directly by RecBCD (11) . This would also allow D-loop formation and replication restart. However, Ruv-ABC would still be required in this pathway, because the Holliday junction created by regression of the fork would still need to be resolved.
A second pathway for replication restart also exists in E. coli (22) . This alternative restart mechanism is also dependent on PriA. However, it does not require cleavage of the chromosome to release a free DNA end. This pathway uses another branchspecific DNA helicase, RecG, which like RuvAB(C) has the ability to branch migrate Holliday junctions (23) . However, the in vivo function of RecG appears to be to create Holliday junctions rather than simply branch migrate preexisting junctions (22) . Moreover, RecG can actively unwind forked DNA structures to form Holliday junctions in vitro (24, 25) . These findings have led to the proposal that RecG modulates the structure of stalled forks, possibly by a template switching mechanism, to allow PriA binding and concomitant recruitment of the replicative machinery without the need for potentially dangerous chromosome breakage events and subsequent D-loop formation.
The ability of RecG to generate Holliday junctions from forks raises the possibility that RecG creates the Holliday junction substrate for RuvABC-catalyzed replication restart. Indeed, in vitro evidence suggests that stalled replication forks form Holliday junctions by spontaneous branch migration very inefficiently when the parental DNA is negatively supercoiled (26) , and that junction formation in this situation is massively stimulated by RecG (25) . However, there is a high degree of synergism between mutations in recG and any of the ruv genes (27) . This point argues against RecG being the provider of Holliday junction substrates for RuvABC and raises the question of how these substrates are produced. One possibility is that Ruv-AB(C) itself could unwind stalled forks to generate a Holliday junction.
Here we have compared the helicase activity of RuvAB at forks and Holliday junctions in vitro to ascertain whether RuvAB could specifically catalyze fork regression. We found that although RuvAB could unwind fork DNA in the direction necessary for Holliday junction formation, unwinding in the opposing direction was the preferred choice provided the loading of RuvB could freely occur on any of the arms of the fork. Thus, RuvAB is unlikely to act at forks to generate Holliday junctions. This is in marked contrast to RecG, which unwound a fork structure only in the direction necessary for Holliday junction formation. Therefore, RuvAB is likely to act at preexisting Holliday junctions in vivo, which implies that other mechanisms must catalyze regression of damaged forks.
MATERIALS AND METHODS
DNA Substrates-Small DNA junctions were constructed using oligonucleotides, one of which in each structure was labeled with [␥ 32 P]ATP at the 5Ј end and purified by gel electrophoresis (28) . Sequences of the oligonucleotides are written as follows: The fork used in Fig. 7 was made essentially as described previously (29) with the exception that the fork was purified by gel filtration through a Superose 6-column (Amersham Pharmacia Biotech) in 50 mM Tris acetate, pH 8.0, 50 mM potassium acetate, and 5 mM magnesium acetate. Labeling of this purified fork was then performed as they were for the small oligonucleotide junctions. All DNA concentrations refer to the concentration of junction rather than nucleotide equivalents.
Proteins-RuvA, RuvB, and RecG were purified as described previously (30, 31) .
Enzyme Assays-Dissociation of small oligonucleotide junction structures was performed as described previously (31) with the exception that the buffer system was 50 mM Tris acetate, pH 8.0, 20 mM potassium acetate, 1 mM dithiothreitol, 0.1 mg ml Ϫ1 bovine serum albumin, 2 mM ATP, and 15 mM magnesium acetate. The order of addition of proteins was RuvA and then RuvB. Reactions in which increasing concentrations of RuvAB were titrated against substrate DNA were incubated for 30 min at 37°C before deproteinization. Bandshift assays, in the presence of EDTA, were performed as described previously (31) . The concentration of junction DNA in both dissociation and bandshift assays was 0.2 nM.
The dissociation of the fork used in Fig. 7 was performed in 10-l reactions using the same conditions employed for the small fork structures with the exception that the concentrations of both ATP and magnesium acetate used for RecG were 5 mM, and that of junction DNA was at ϳ0.5 nM. Incubation was at 37°C for 5 min before the addition of 2.5 l of stop solution (31) and 2.5 l of loading buffer (30% glycerol v/v and 0.25% bromphenol blue). Samples were electrophoresed through 5% polyacrylamide gels in Tris borate EDTA buffer at 12 V cm Ϫ1 for 150 min before drying onto filter paper followed by autoradiography and analysis using a PhosphorImager.
RESULTS

Unwinding of Small Homologous Forks by RuvAB-
The helicase activity of RuvAB has never been tested directly on forked DNA structures. Therefore we employed small DNA junctions constructed using synthetic oligonucleotides to determine whether RuvAB can unwind fork DNA in the direction necessary for Holliday junction formation. These junctions were designed so that the branch point was embedded within a region of homology to try and mimic this feature of in vivo junctions. Thus, the branch points were free to spontaneously migrate within this region. A Holliday junction in which the branch point was embedded within a 12-bp 1 region of homology was unwound by RuvAB to generate two labeled flayed duplex products (Fig. 1A) . Such products indicated that RuvAB can unwind this structure in both possible directions. Hence, the loading of RuvB onto opposing duplex arms can occur in both possible orientations (Fig. 1B, i and ii).
An equivalent fork structure, identical to the Holliday junction but lacking one duplex arm, was also unwound by RuvAB (Fig. 1A) . Three labeled products of unwinding were detected. The major product was a flayed duplex in which both the leading and lagging strands of the fork had been unwound. This direction of unwinding is that which would be necessary for regression of a fork structure to generate a Holliday junction (Fig. 1B, iii) . Thus, RuvAB has the capability to catalyze such a reaction. However, two other products were also observed. A three-strand junction indicated that the leading or the lagging strand could be individually removed by RuvAB. Moreover, a partial duplex product demonstrated that the fork could be unwound in the direction opposite to that required for the generation of a Holliday junction (Fig. 1B, iv) . Thus, although RuvAB may be able to generate a Holliday junction from fork DNA, it is also capable of unwinding a fork in the opposing direction. Moreover, although the 6-bp region of homology within this fork gave the potential for spontaneous migration of the branch point and thus reflected structural features of in vivo forks, this also meant that the fork structure might actually adopt a four-stranded Holliday junction conformation. This would have the effect of reducing the length of the leading and lagging strand arms while increasing the length of the parental duplex arm. The preference of unwinding in the direction necessary for Holliday junction formation might therefore have reflected the preferred loading of a RuvB ring on a longer parental duplex arm (Fig. 1B, iii) as compared with the leading and lagging strand duplex arms (Fig. 1B, iv) .
A closer inspection of the data in Fig. 1 indicates that RuvAB preferentially unwinds the Holliday junction substrate rather than fork DNA (compare the levels of unwinding in lane 4 with lane 10 in Fig. 1A ). To confirm these findings, the rates of RuvAB-catalyzed unwinding of the DNA junctions used in Fig.  1 were measured. The Holliday junction was unwound at an ϳ7-fold higher rate than the equivalent fork DNA (Fig. 2) . Thus, RuvAB does preferentially unwind this Holliday junction substrate.
The RuvA tetramer acts as the recognition factor that governs the loading of the RuvB hexameric rings onto junction DNA (13) . Thus, the observed reduced rate of the unwinding of fork DNA by RuvAB may simply be a consequence of reduced binding of RuvA to a fork as compared with a four-stranded junction. This finding was tested by measuring the level of binding of RuvA to the small Holliday junction and fork DNA structures used in Figs. 1 and 2 . RuvA bound to Holliday junction DNA to give two retarded protein-DNA complexes in the presence of EDTA (Fig. 3A, lanes 1-8, marked as I and II) . These complexes have been attributed to the binding of one and two RuvA tetramers to Holliday junction DNA (32) . RuvA also bound to the fork to give two retarded protein-DNA complexes, although complex I was present in very low amounts (Fig. 3A,  lanes 9 -16) . These RuvA-fork complexes migrated in the same position as the RuvA-Holliday junction complexes, which suggests that one and two RuvA tetramers were also bound to the fork DNA under these conditions. The affinity of RuvA for each junction was also similar (Fig. 3B) . Furthermore, similar relative binding affinities were also obtained in the presence of magnesium (data not shown). These data suggest that preferential unwinding of this Holliday junction DNA by RuvAB is not attributable to reduced binding of the equivalent fork DNA by RuvA. Thus, some feature of RuvB catalysis must be responsible for the observed preferential unwinding of Holliday junction rather than fork DNA in Fig. 2 .
Unwinding of Static Fork Structures by RuvAB-The homologous fork used in Figs. 1-3 does reflect the ability of in vivo junctions to branch migrate spontaneously. However, this meant that the fork might spontaneously adopt a Holliday junction conformation rather than a true fork structure. Furthermore, if a Holliday junction was the preferred conforma- The RuvB-only lanes contained 600 nM RuvB. Arrows depict the 3Ј ends of DNA strands, whereas the position of the 32 P label located on the 5Ј end of one of the oligonucleotides in each junction is marked with an asterisk. The fork structure was constructed using oligonucleotides identical in sequence to those used for the Holliday junction with the exception that the fork was designed to lack one of the 25-bp arms of the Holliday junction. The fork structure is depicted as being in equilibrium with a Holliday junction conformation, since the region of homology within the structure might allow spontaneous branch migration to occur tion, then this would alter the lengths of the duplex arms of the fork. Therefore, it was possible that the parental duplex was 30 bp, whereas the leading and lagging strand duplex arms were 19 bp. This would have a profound effect upon the direction of unwinding of the fork by RuvAB, because if this conformation were preferentially adopted, then binding of RuvB could only occur on the parental duplex arm (33) . In this situation, unwinding would be forced to occur in the direction necessary for Holliday junction formation (Fig. 1B, iii) . We therefore employed forks that did not contain any homology so that the structure was forced to adopt a fork rather than a Holliday junction conformation. Furthermore, each duplex arm was equivalent in length so that loading of RuvB was not restricted to the parental or daughter duplex arms.
RuvAB catalysis at such a structure did produce low levels of unwinding of both the leading and lagging strands (Fig. 4,  lanes 1-2 and 3-4, respectively) . This finding indicated that unwinding could occur in the direction necessary for Holliday junction formation (Fig. 1B, iii) . However, the majority of products were partial duplexes in which unwinding occurred in the opposite direction. Identical results were also seen with a second junction having a defined fork conformation but constructed using a different set of oligonucleotides (data not shown). Thus, at a defined fork structure the preferred direction of unwinding by RuvAB is opposite to that required for Holliday junction formation. RuvB hexamers must therefore operate predominantly on the leading and lagging strand duplexes of these forks (Fig. 1B, iv) rather than the parental duplex (Fig. 1B, iii) .
Comparison of unwinding of the defined fork structure with unwinding of the equivalent Holliday junction revealed that this fork was unwound at a slightly higher rate than the Holliday junction (Fig. 5A) . However, RuvA bound with significantly higher affinity to the Holliday junction (Fig. 5B) . Thus, the observed levels of unwinding did not correlate with the binding of RuvA to these junctions. These data support the conclusion that some feature of RuvB catalysis is responsible for the observed levels of unwinding of forks and Holliday junctions by RuvAB. Furthermore, the preferential binding of the Holliday junction rather than fork DNA (Fig. 5B) is in sharp contrast to the approximate equal affinities of RuvA for the fork and Holliday junction structures in Fig. 3 . These data suggest that the fork used in Figs. 1-3 does adopt a Holliday junction conformation rather than a fork structure. Although the extruded arm of this junction would only be a maximum of 6 bp, such an arm would make several important contacts with the RuvA tetramer (15) , which may explain the equal affinities of RuvA for this fork and the equivalent Holliday junction.
Taken together, these data suggest that the efficiency and direction of unwinding fork DNA by RuvAB is governed by the efficiency of one RuvB hexamer bound to the parental duplex DNA arm (Fig. 1B, iii) versus two RuvB hexamers bound to the daughter duplex arms (Fig. 1B, iv) . The conflicting data with the fork containing a homologous core versus the defined heterologous fork structure might be explained provided a single RuvB ring bound to the parental duplex DNA is less efficient than two opposing RuvB hexamers bound to the daughter duplex arms. Thus, the homologous fork is unwound in the direction necessary for Holliday junction formation since the fork adopts a Holliday junction conformation in which RuvB binding occurs preferentially on the parental duplex arm (see above). However, because there is primarily only one RuvB ring operating to unwind this fork, it occurs at a reduced rate compared with the unwinding of the equivalent Holliday junction catalyzed by two opposed RuvB rings (Fig. 2) . In contrast, the defined fork allows RuvB binding to the daughter duplex arms as well as the parental duplex arm. Unwinding occurs primarily in the direction opposite to that required for Holliday junction formation, since two opposing RuvB hexamers translocating along the daughter duplex arms are more proficient at unwinding junction DNA than a single RuvB ring bound to the parental duplex arm. Thus, unwinding of the fork occurs at a rate similar to that of the equivalent Holliday junction (Fig.  5A) . In fact, the rate is slightly higher, especially given the reduced binding of RuvA (Fig. 5B) . This may reflect the reduced energetic barrier associated with unwinding a single duplex arm within the fork (the parental duplex) rather than two arms as with the Holliday junction.
Unwinding of Fork DNA by One versus Two RuvB Hexamers-To test the hypothesis that unwinding of fork DNA by RuvAB occurs at a higher rate when two RuvB hexamers are loaded on opposed daughter duplex arms as compared with a single RuvB ring bound to the parental duplex, we compared the unwinding of the defined fork used in Figs. 4 and 5 with an equivalent fork in which the parental duplex arm was 28 bp, whereas the leading and lagging strand arms were only 21 bp. Thus, on this second fork, the loading of RuvB will be restricted to the parental duplex arm because of the binding site size of a RuvB hexamer (33) . Unwinding of the fork with duplex arms of equal length occurred in the direction opposite to that required for Holliday junction formation (Fig. 6A) as seen above. In contrast, when binding of RuvB was restricted to the parental duplex arm, the partial duplex product, which indicates unwinding in the direction opposed to Holliday junction formation, was abolished (Fig. 6B) . Thus, RuvB could not load onto the 21-bp leading and lagging strand duplex arms to effect unwinding. Instead, single-stranded labeled oligonucleotide and labeled three-strand junction accumulated. This finding demonstrates that forced loading of RuvB on the parental duplex arm does allow RuvAB catalysis in the direction required for Holliday junction formation. However, a comparison of the rates of unwinding demonstrate that unwinding by a single RuvB ring occurs at an ϳ6-fold reduced rate as compared with two opposed RuvB rings (Fig. 6C) . RuvA bound to both forks with identical affinities (Fig. 6D) , and so the difference in rates of unwinding was not attributable to differences in the levels of binding of RuvA. Thus, unwinding of fork structures by RuvAB is inherently more efficient when two RuvB hexamers operate on the leading and lagging strand duplex arms as compared with a single RuvB ring translocating along the parental duplex.
Comparison of RuvAB with RecG Catalysis at Fork Structures-Data presented above indicate that unwinding of fork DNA by RuvAB occurs preferentially in the wrong direction for Holliday junction formation. However, evidence is accumulating that RecG does catalyze Holliday junction formation from fork DNA both in vivo and in vitro (22, 24, 25) . Therefore, we compared RuvAB and RecG catalysis using fork DNA made by annealing two homologous duplex DNA molecules of different lengths (29) . The fork thus formed has large leading and lagging strand duplex arms of 235 bp and a parental duplex arm of 41 bp. As a result, the loading of RuvB on any of these duplex arms should not be restricted by their size. Furthermore, this fork possessed no regions of heterology. A lack of heterology is important in light of the fact that regions of heterology are known to severely inhibit unwinding of branched DNA structures by RecG (24, 34) . Although this raises the possibility that the fork could be primarily in a Holliday junction conformation rather than a fork, the low levels of cleavage of this structure by the Holliday junction-specific endonucleases RuvC and RusA demonstrated that the majority of junctions adopted a fork rather than a Holliday junction conformation (data not shown). This may also explain why, surprisingly, this junction was relatively stable once formed and did not dissociate spontaneously via branch migration.
Unwinding of the fork by RecG generated two product bands (Fig. 7A, lanes 1-6) . These bands corresponded to the 235-bp duplex (band (i) in Fig. 7A ) and the 276-bp duplex plus partial duplexes formed from the 235 and 276 nucleotide strands (band (ii) in Fig. 7A) (29) . The accumulation of both bands (i) and (ii) increased with elevated concentrations of RecG. However, the critical observation is that the ratio of bands (i) and (ii) remained constant at all concentrations of RecG tested as compared with the DNA-only control (Fig. 7A, and data not shown) . This could only occur if RecG unwound the 235-nucleotide strands (the leading and lagging strands) from the fork structure to generate the 235-bp and 276-bp duplexes (Fig. 7B) . Unwinding in the opposite direction would produce only partial duplexes, and band (ii) would then increase in intensity relative to band (i). Thus, RecG unwinds this fork only in the direction necessary for Holliday junction formation.
Unwinding of the fork by RuvAB also lead to the accumulation of bands (i) and (ii) (Fig. 7A, lanes 7-12) . The accumulation of band (i) indicated that RuvAB, like RecG, could unwind the leading and lagging strands from the fork to produce the 235-bp duplex and also the 276-bp duplex. However, in contrast to RecG, the ratio of band (ii) increased relative to band (i) when compared with the DNA-only control reaction (compare lane 7 with 12). This result could only be attributed to the generation of partial duplex products rather than the 235-bp and 276-bp duplexes. Thus, RuvAB also unwound the fork in the opposite direction to that required for Holliday junction formation (Fig. 7B) . Although the relative rates of unwinding this fork in the two opposing directions are difficult to quantify, these data confirm that a significant level of unwinding by RuvAB occurs in the direction opposite to that required for Holliday junction formation. Given that unwinding the parental duplex DNA would only involve the translocation of 41 bp through the RuvAB motor as compared with 235 bp to unwind the leading and lagging strand duplexes, this result might not be surprising. However, it is in marked contrast to the very specific polarity of unwinding displayed by RecG (Fig. 7A) (24) . It is also notable that significantly higher concentrations of RuvA and RuvB were required for unwinding of the fork used in Fig. 7 as compared with RecG. Thus, in contrast to RecG, RuvAB has not evolved to unwind fork DNA with a single specific polarity to promote Holliday junction formation from forks.
DISCUSSION
The formation of Holliday junctions from stalled replication forks and their subsequent resolution by RuvABC is known to play a key role in restarting replication (11, 22) . However, it is unclear how the Holliday junction substrate for RuvABC is generated. One possibility is that RuvAB(C) itself can catalyze the unwinding of stalled replication forks to form Holliday junctions. However, the data presented here indicate that unwinding of forks by RuvAB occurs primarily in the direction opposite to that needed for Holliday junction formation. This is because of the higher rate of unwinding of junction DNA when two opposed RuvB hexamers are bound to the leading and lagging strand duplex arms as compared with catalysis by a single RuvB ring bound to the parental duplex. Thus, RuvAB may not be able to catalyze the formation of Holliday junctions from stalled replication forks efficiently in vivo. However, RuvAB can perform this reaction to a limited extent in vitro, albeit at a 6-or 7-fold reduced rate when compared with unwinding catalyzed by two opposed RuvB rings (Figs. 2 and 6 ). Therefore, we cannot exclude the possibility that RuvAB does catalyze this reaction in vivo to a limited extent. However, the preferential unwinding of junction structures via two opposed RuvB rings, leading to an unwinding of the parental duplex DNA, is in marked contrast to RecG, which unwinds only the leading and lagging strands of all forks tested (Fig. 7A) (24) (data not shown). Thus, RecG is likely to create Holliday junctions from stalled replication forks, whereas it seems probable that RuvAB acts predominantly at preexisting Holliday junctions.
Why might two RuvB rings be better than one? A simple answer may be that two helicase motors provide a greater energetic input to allow translocation of the DNA strands of the fork across the face of the RuvA tetramer. However, it is also possible that a single RuvB hexamer-RuvA tetramer complex presents stability problems in terms of the torque generated by the relative movement between the RuvB ring and the duplex DNA (35) . Regarding the mechanism of action of the RuvAB motor, it is also interesting that either the leading or the lagging strand can be removed independently of any other strand to generate a three-strand product (Figs. 1A, 2A, and  6B ). This is difficult to reconcile with the current models of RuvAB catalysis and cannot be explained by either of the two proposed routes of fork unwinding catalyzed by RuvAB (Fig.  1B) . Clearly, there is still much to learn about how this complex machine operates.
If RuvAB does not create Holliday junctions from stalled forks in vivo, what does catalyze this reaction? The synergy between recG and ruv mutations argues against RecG fulfilling this role (27) . However, the possibility cannot be excluded that in a wild-type cell, RecG does catalyze this reaction, but in a recG strain, the small capacity of RuvAB to promote Holliday junction formation as suggested in this study is sufficient to maintain replication fork restart. A previous study (36) employing a temperature-sensitive dnaB allele encoding the replicative helicase lends weight to this hypothesis. At its permissive temperature, this allele greatly stimulated deletion events at chromosomal tandem repeats. This stimulation required recA. Moreover, mutations in recB and ruvC were synthetically lethal in this strain. In light of recent work, this can be explained by the stalling of replication forks within the tandem repeats attributed to the defect in DnaB helicase. The formation of Holliday junctions from these stalled forks and their subsequent resolution by RuvABC would then promote RecAand RecBCD-dependent recombination within the repeats. A misalignment of these recombination events would then lead to deletions. Of most significance to this current study is that mutations in recG (mistakenly identified as radC in the original study (37) ) abolished most of the recombination stimulated by this dnaB allele. Because the deletion events might occur via RuvABC-dependent cleavage of stalled replication forks and RecG is required for these deletion events, this implies a link between RecG-catalyzed unwinding of stalled replication forks and the resolution of Holliday junctions by RuvABC formed from these forks.
Are there other possible mechanisms that might operate in vivo? Spontaneous regression of forks to form Holliday junctions is promoted by positive superhelicity but inhibited by negative superhelicity (25, 26) . Because chromosomal DNA undergoing replication is probably maintained in a net negatively supercoiled state (38) , this suggests that regression of stalled replication forks does not occur spontaneously in vivo. However, although the chromosome is in a net negatively supercoiled state, regions of positive superhelicity may exist, albeit transiently. Transcription is known to generate positive supercoils ahead of an advancing RNA polymerase (39) , and other metabolic processes might also induce localized changes in superhelicity. Thus, there may be circumstances when a stalled replication fork does occur within a positively supercoiled region of the chromosome. Such positive torsional stress might then promote spontaneous regression of the fork once it has stalled.
There are other enzymatic possibilities within E. coli that may also account for Holliday junction formation at stalled replication forks. RecA may be able to catalyze strand exchange between the parental strands at stalled forks to allow Holliday junction formation (40, 41) . Helicases other than RecG (or RuvAB) might also exist which act at stalled forks to promote Holliday junction formation. Indeed, there may be several alternative mechanisms that operate to form Holliday junctions from stalled replication forks. Since the structure of a stalled fork will almost certainly vary depending on the nature of the original block, this possibility seems increasingly likely. Moreover, given the emerging importance of replication fork rescue via regression of the fork, it would seem prudent for an organism to employ more than one mechanism to accomplish this reaction.
